ABSTRACT Deploying long term evolution (LTE) system into unlicensed spectrum for offloading faces two challenges: 1) the metrics of instantaneous performance to characterize user satisfaction are no longer applicable due to non-contiguously available channel and 2) in a light traffic scenario, the channel utilization is low due to the added padding bits of simultaneously scheduled users. To tackle these two issues, dynamically configuring channel occupancy duration (COD) and flexibly allocating subcarriers are needed to design for the LTE system operating in unlicensed spectrum (LTE-U system). In this paper, the channel utilization in the COD and a unified user satisfaction are first defined to characterize the performance of LTE-U system. Then, a time-frequency two-dimention optimization problem is formulated to maximize the weighted sum of the two defined performance indexes. To achieve the tradeoff between the two performance indexes, a control factor is introduced. By using Lyapunov optimization and Dinkelback theory, an optimal time-frequency resource management algorithm is developed. The results show that the proposed algorithm outperforms the baselines, as the algorithm can flexibly balance the two performance indexes of the LTE-U system for diverse applications.
I. INTRODUCTION
In recent years, the proliferation of intelligent terminals and diverse applications have led to a dramatic increase in data traffic [1] , [2] . In response to such a large amount of data traffic growth, deploying long term evolution (LTE) into unlicensed spectrum has attracted widespread attention from both academia and industry. Unlicensed LTE (LTE-U) inherits the characteristic of high spectrum efficiency of LTE system [2] , [3] . Therefore, the data traffic pressure of authorized spectrum will be greatly alleviated when LTE-U is deployed into resourceful unlicensed band. However, the legacy LTE technology which monopolizes a channel uninterruptedly can not be performed unalterably in unlicensed spectrum. As any radio access technologies (RATs) can freely access the unlicensed spectrum so long as they meet the requirements The associate editor coordinating the review of this manuscript and approving it for publication was Yuan Gao. of the regulations, the unlicensed channels are shared by multiple RATs. For LTE-U system to friendly coexist with the other incumbent systems (e.g., Wi-Fi) in unlicensed spectrum, the length of its channel occupancy duration (COD) has to be limited [4] , and it has to adopt listen before talk (LBT) scheme to access unlicensed channel [3] . Hence for an LTE-U system, the unlicensed channel is non-continuous, and the starting point of accessing channel is uncertain due to performing LBT procedure. These two channel characteristics directly influence LTE-U system's performances [5] , [6] .
As the channel in unlicensed spectrum is not contiguously available and the starting point of each COD is uncertain, deploying the orthogonal frequency division multiple access (OFDMA)-based LTE system into unlicensed spectrum will encounter two challenges. (a) It is hard to reflect and ensure the users' real quality of experience (QoE) . The time interval between two adjacent channel access moments of LTE-U system is an indeterminate value, and the LTE-U base station (BS) can not schedule the users within the nonchannel access period. Therefore, the performance metrics (e.g., user satisfaction) relied on the instantaneous quality of service to characterize user's real QoE of legacy LTE system can not be applied to LTE-U system directly. (b) The channel utilization is low during the CODs. To avoid the coexisting nodes (e.g., Wi-Fi) from preempting the unlicensed channel during LTE-U's data transmission, the scheduled LTE-U users within the same frame must stop transmitting data concurrently. Therefore, in a heavy-traffic scenario (i.e., full buffer traffic scenario), all the scheduled users will concurrently finish their data transmission at the end of LTE-U system's maximum-allowed access period, so as to transmit as much as data possible. And in a light-traffic scenario, (e.g., the unlicensed band is used to offload traffic from licensed band), the LTE-U users without enough data in their buffers need to add certain number of null (i.e., padding) bits in their assigned subcarriers until the end of the COD. These padding bits added by users with insufficient data reduce the channel utilization during CODs. It can be seen from (a) that a unified evaluation of performance metric is needed to ensure fairness among users to reflect various required data transmission rates and adapt to the non-contiguously available channel feature in unlicensed spectrum. From (b) we can deduce that the number of padding bits should be small to achieve high channel utilization during LTE-U system's COD. That is, when the traffic load of LTE-U system is light, a short and dynamic COD length may improve spectrum utilization for both the coexisting systems as compared with a fixedlength COD. Therefore, it is necessary to dynamically adjust the length of COD and allocate the subcarriers among users according to users' data transmission rates and the dynamic channel conditions. This is the focus of this paper.
For an OFDMA-based LTE-U system coexisting with a legacy unlicensed system (take Wi-Fi as an example) in unlicensed spectrum, this paper studies its resource management that maximizes the weighted sum of the two newly defined performance indexes (i.e., user satisfaction and channel utilization) under the condition of time-varying channel, the constraint of maximum-allowed access period and various user satisfaction requirements. Concretely, a bounded user satisfaction is first defined as a unified performance metric to characterize the fairness among the LTE-U users with allocated resources, i.e., the degree for a user to be satisfied by its achievable data transmission rate. Then, we define the channel utilization during CODs (called channel utilization for short in the rest of this paper) as a function that is negatively correlated with the number of padding bits. Given any COD length, the more added padding bits are, the smaller the channel utilization is, and vice versa. To meet user's required data transmission rate and enhance the channel utilization, this paper proposes a time-frequency two-dimensional resource management scheme to dynamically adjust COD length and subcarrier allocation according to instant channel conditions, data arrival rates and user satisfactions. The weights of the referred two performance indexes can be adjusted according to actual applications. Through simulation, we verify the performance improvements on user satisfaction and channel utilization by using the proposed algorithm, reveal the flexibility of compromising the two performances, and show the increase of Wi-Fi system's access opportunities due to the reduction of averaged COD length of LTE-U system. The main contributions of this paper are summarized as follows:
1) User satisfaction. It is defined as a user's achievable data transmission rate normalized by the user's required data transmission rate, thus is applicable to all users with various required data transmission rates. It is valued from 0 to 1, thus is unified and comparable to all users, and guides the system to allocate resources to the unsatisfied users, i.e., the users whose user satisfaction is less than 1. With some manipulations, it can characterize the time-averaged user's QoE (user's actual experience), express the overall satisfaction of all users and the fairness among users. 2) Time-frequency resource management for user satisfaction and channel utilization. Under the conditions of discontinuous channel availability and uncertain channel access time, a time-frequency resource management optimization problem is formulated for OFDMA-based LTE-U systems. And in the problem expression, the weights of the newly defined channel utilization and user satisfaction performance indexes are adjustable to achieve application-specific requirement. The objective of this optimization problem is to maximize the weighted sum of these two performance indexes in a time-averaged sense, and to find the optimal and dynamical COD lengths and subcarrier assignment indicator matrices for all the frames. 3) Solving method for the formulated optimization problem. By Lyapunov optimization theory and Dinkelbach theory, the formulated optimization problem with timeaveraging operation and the objective function in fractional expression is transferred into a new one. This new optimization problem is formulated per frame and with the objective function in subtractive expression. This new optimization problem is solvable based on the users' traffic arrivals and the channel state information (CSI) of the current frame, thus the proposed optimal time-frequency resource management can be implemented in practical LTE-U system. An iterative algorithm is then developed for solving this new optimization problem. The remainder of the paper is organized as follows. In Section II, we review the related work on the evaluating metrics and resource management of unlicensed system. In Section III, we describe the proposed system model, including frame structure and subcarrier allocation of LTE-U system, user satisfaction and channel utilization. The optimization problem is modeled and reformulated in Section IV, then a heuristic solving algorithm is proposed.
Simulation results are shown and discussed in Section V. Conclusions are drawn in Section VI.
II. RELATED WORK
As far as we know, up to now almost all the published researches to evaluate the user's QoE in LTE-U system directly adopt the performance metrics of legacy LTE system. For example, in order to reveal user's satisfaction, the function that is in direct proportion to the user's momentary data transmission rate is adopted in [7] , [8] . The level of interference on the allocated resources is adopted to characterize user satisfaction in [9] , and lower interference means higher user satisfaction. Nevertheless, in unlicensed spectrum, due to the non-continuous and uncertain availability channel, either user's actual experience or fairness among users can not be reflected by using the aforementioned performance metrics.
There have been some studies on the evaluating metrics of node's performance for unlicensed Wi-Fi system under discontinuous channel availability condition. For example, in [10] the satisfaction of a Wi-Fi node is expressed as the function of the node's data transmission rate, the strength of interference and so on. In [11] and [12] the satisfaction of a Wi-Fi node is depicted as the function of averaged data transmission rate that can be supported by the allocated resources. Noting that the aforementioned user satisfactions are proportional to the number of resources assigned to the node, hence they are boundless functions and are applicable to Wi-Fi system. This is because the Wi-Fi nodes are usually assumed to carry full-buffer traffic and transmit data in a time-division manner [10] - [12] . To obtain higher system throughput, such a heavy-loaded Wi-Fi system always allocates more resources to the nodes with better channel condition and higher user satisfaction. Therefore, the performance of individual node is always neglected and then unfairness among these nodes is exacerbated. However, these user satisfactions can not be used to OFDMA-based LTE-U system directly when user's traffic load is light. On the one hand, multiple users are allowed to transmit data simultaneously in OFDMA-based system which differs from that in Wi-Fi system where no more than one node is permitted to transmit data at the same time. On the other hand, in LTE-U system with light-traffic load there is no full-buffer assumption for users, and not only the system performance but also the fairness among users is considered. In fact, for a user to carry non-full buffer service, allocating resources more than the user's demand will not further improve the user's satisfaction, but cause a waste of resources. Therefore, the user satisfaction for OFDMA-based LTE-U system should be a bounded function.
Almost all the published researches on subcarrier allocation in LTE-U system are performed under the condition of fixed COD length. Most of these works investigate the subcarrier allocation to maximize LTE-U's throughput. For instance, by adopting LTE's frame structure, the proportionalfairness scheduling algorithms to maximize the throughput of LTE-U system are proposed in [13] , [14] . Under condition of coexisting with Wi-Fi system and setting the COD length to its maximally allowed length of the regulatory requirement, the subcarrier allocation algorithm to maximize the throughput is proposed in [15] . In [16] , the subcarrier allocation policy to maximize system throughput is investigated under the scenario that user's downlink and uplink data are communicated with different BSs. In [17] , the joint energy and subcarrier allocation strategy for multi-channel case is studied. A frequency scheduling algorithm for the scenario that multiple mobile network operators share one unlicensed band is proposed in [9] . Nevertheless, the scheduled users need to add certain number of null bits if their allocated resources are still redundant after filling their data in the buffer. Transmitting padding bits not only degrades system throughput and channel utilization, but also wastes users' energy.
So far, in almost all the published literatures the adjustment of LTE-U's COD length are all conducted in a long time scale, such as carrier sense adaptive transmission (CSAT) [18] and duty-cycle (DC) [19] based channel access mechanisms. By these channel access mechanisms, the LTE-U system accesses channel at fixed time point and occupies channel for fixed time duration invariably. There are two drawbacks for these channel access mechanisms. (a) Periodically accessing channel without LBT may interfere with the on-going node's data transmission and thus degrade Wi-Fi's performance. (b) The radio resources in COD with the current length may be insufficient to guarantee user's data transmission rate when the traffic in LTE-U system increases. To tackle these above-mentioned issues, the COD length of LTE-U system should be adjustable. However, there is no research on variable COD length of LTE-U system in the published literature until now. By contrast, there have been some studies on dynamically configuring the COD length of Wi-Fi nodes. For example, the relationship between COD length and control signaling (CS) overhead in Wi-Fi systems is investigated in [20] and [21] . In slotted ALOHA system, the closed-form expression of COD length as a function of the number of Wi-Fi nodes and the node's data transmission rate is derived in [22] . To minimize the number of padding bits (i.e., maximize the throughput) under fixed subcarrier allocation scheme, an optimal COD length configuration algorithm is developed for IEEE 802.11 systems in [23] . These works on Wi-Fi system offer some inspiration for our study on LTE-U system in this paper.
To the best of our knowledge, the first work on timefrequency resource management of OFDMA-based LTE-U system is presented in [1] . In [1] , we proposed a framework to maximize system's performances by optimizing COD length and subcarrier allocation, and presented preliminary simulation results to verify its feasibility and effectiveness. The work in [1] builds a solid basis for us to form a complete technical approach and to get more insights from comprehensive simulation in this paper. VOLUME 7, 2019 III. SYSTEM MODEL An LTE-U system coexists with a Wi-Fi system in an unlicensed channel with bandwidth 20 MHz. In the LTE-U system, there are one BS and N users. The Wi-Fi system consists of one access point (AP) and multiple Wi-Fi nodes. All the nodes in the unlicensed band are assumed to be able to sense each other, i.e., no hidden terminal. To focus on the performance of the LTE-U system, it is assumed that the Wi-Fi nodes always have packets waiting to transmit, i.e., the Wi-Fi nodes adopt full-buffer traffic. The binary exponential backoff (BEB) based channel access mechanism is used for Wi-Fi nodes to access the unlicensed channel. For fair coexistence, the BS in LTE-U system performs LBT before accessing the unlicensed channel and the upper bound of COD length T Max is 10 or 13 ms 1 [5] . Similar to the legacy LTE system, in the LTE-U system the unlicensed channel is divided into K orthogonal subcarriers with equal bandwidth [5] , [24] . As in the legacy LTE system, the BS maintains a data queue for each user in the downlink of LTE-U system. After sensing unlicensed channel idle, the BS accesses channel and transmits data. As the time-frequency resource management of uplink is the same as that of downlink once the radio link is established, hereinafter we focus on the time-frequency resource management for data transmission in LTE-U downlink. Block Rayleigh fading channel is considered in this paper, where the channel coefficients remain unchanged within each frame, but are subject to independent and identically distributed (i.i.d.) in different frames and subcarriers. 
A. FRAME STRUCTURE
In the LTE-U system, the channel is characterized to be an alternative procedure of mutually independent ON and OFF states depending on whether the channel is accessed by the LTE-U BS, as shown in Fig. 1 . Let the interval between the starting moments of two adjacent OFF states (i.e., an OFF state and the following ON state) be one frame in the LTE-U system. The channel occupancy (non-occupancy) duration of LTE-U system in frame m is the duration of the ON (OFF) state in that frame. Let the length of frame m(∈ {0, 1, 2, . . .}) in the LTE-U system be denoted as T L (m), we can obtain
where 
B. CHANNEL OCCUPANCY DURATION
The COD in the mth frame T ON (m) is composed of two individual segments, as shown in Fig. 2 . T CS in the mth ON state is the duration for transmitting CS. And the rest part in the mth ON state, T Dat (m), is used to transmit users'data [5] , [25] . T CS is fixed and equal for all frames, and T Dat (m) is a random variable varying over frames.
In each frame, user n(∈ 1, 2, . . . , N ) can be allocated multiple subcarriers, while one subcarrier can be allocated to at most one user to avoid inter-user interference. That is,
where w n,k (m) is the subcarrier assignment indicator to indicate whether the kth subcarrier at frame m is allocated to user n (w n,k (m) = 1) or not (w n,k (m) = 0), with n ∈ {1, . . . , N }, k ∈ {1, . . . , K } and m ∈ {0, 1, . . .}. Remark: In one specified frame, if a user is unable to transmit all its data on the allocated subcarriers within the data transmission duration in that frame, the rest of its data will be transmitted in the following frames. By contrast, if the subcarriers allocated to a user is surplus in addition to carry the user's entire data, certain number of padding bits are added to ensure the ending moment of its data transmission to be aligned with the frame's boundary. This is to prevent Wi-Fi nodes from accessing the unlicensed channel during the period of LTE-U users' data transmission. Therefore, the more padding bits are added, the lower channel utilization will be, and vice versa. This is because the added padding bits do not carry the user's useful information.
D. CHANNEL UTILIZATION
To characterize the performance of LTE-U system, we define the channel utilization of LTE-U system in frame m as
where Max is the upper bound of the number of padding bits accommodated in frame m, and equals the maximum number of bits that can be transmitted on that frame. Max can be derived from channel bandwidth, COD length of that frame and modulation-coding scheme (MCS), or found in [25] . P Tot (m) is the total number of padding bits on frame m,
where P n (m) is the number of padding bits for user n on frame m, and is expressed as
otherwise. (7) n (m) in (7) is the maximum number of bits that BS can transmit to user n on frame m, and can be expressed as
where ε is the coding rate. ζ n (m) is the number of available resource elements (RE) allocated to user n on frame m, i.e., the number of symbols transmitted by user n on frame m. Here, one RE is the smallest radio resource unit which consists of one OFDM subcarrier during one OFDM symbol interval. Therefore, ζ n (m) is a function of the COD length of that frame and the total bandwidth of the allocated subcarriers. n (m) is the number of bits carried on one RE depending on the MCS of user n in frame m. Q n (m) in (7) is the number of bits stored in the data queue for user n at the beginning of frame m, and Q n (0) = 0, ∀n. At the beginning of frame (m + 1),
where λ n (m) is the number of newly arrived bits within frame m. Here, we assume that the data arrivals among different frames are i.i.d. [7] . Although the i.i.d. assumption is idealized, it captures the intermittent nature of the packet arrival process, and thus it has been widely adopted in the literature, e.g., [26] . Unlike the definition for channel utilization in the traditional licensed wireless systems, the U (m) defined here is used to represent the utilization of the time-frequency resources occupied by the unlicensed LTE-U system, i.e., the utilization of the time-frequency resources in the COD of frame m.
For any given required data transmission rate, if an excessive COD length is adopted, there will be large P Tot (m) and thus small U (m), i.e., resources are underutilized in LTE-U system's access duration. If a short but sufficient COD length is used, there will be small P Tot (m) and thus high resource efficiency within that duration, and correspondingly the coexisting Wi-Fi system will obtain more channel access opportunities.
E. USER SATISFACTION
As the users in the LTE-U system will have different data transmission rate requirements, to uniformly reflect the degree of use satisfaction for the allocated time-frequency resources (i.e., COD length and allocated subcarriers) on one frame, we define S n (m)(∈ [0, 1]) to represent the degree of user n satisfied with the allocated time-frequency resources on frame m as
where R E n is the required data transmission rate of user n, which is related to the user's data arrival rate.
is the actual data transmission rate of user n on frame m. S n (m) is a bounded function, thus the user satisfaction is 100% when the actual data transmission rate is no less than R E n . If the actual data transmission rate is less than R E n , S n (m) is the ratio of the former to the latter, and the user satisfaction is from 0 to 100% (dissatisfied to partially satisfied). S n (m) depends on the COD length of the mth frame T ON (m), the number of allocated subcarriers for user n and the user's required data transmission rate.
It is noticed that S n (m) is valued from 0 to 100% for all users and any frames, thus is comparable among the users. Beside, the system will not allocate excessive resources to a user when its required transmission rate is achieved, i.e., S n (m) = 1. Therefore, the rest resources will be allocated to the users with S n (m) < 1, and in turn the fairness among all users will be higher. When all the users' satisfactions are equal, the users are fair in the sense of QoE.
F. DISCUSSION
It is noted that the two defined performance indexes are contradictive. For example, larger COD leads to higher user satisfaction / fairness, but lower channel utilization especially in light-traffic scenario. It can be seen from (5)- (7) and (10) that both the channel utilization U (m) and user n's satisfaction S n (m) are determined by the maximum number of bits that BS can transmit to user n in that frame n (m). Furthermore, n (m) is a function of the COD length T ON (m) and the subcarrier assignment indicator w n,k (m) in frame m. Therefore, it is necessary to optimize COD length and subcarrier allocation jointly to balance channel utilization and users' satisfactions to suit various applications. 
IV. OPTIMAL TIME-FREQUENCY RESOURCE MANAGEMENT
In this section, we first model the joint optimization problem of the COD length configuration (time domain) and subcarrier allocation (frequency domain) that maximizes the weighted sum of the two defined performance indexes (i.e., channel utilization and user satisfaction) of LTE-U system. Then, we transfer the original optimization problem (which is difficult to solve because statistic of CSIs and data arrivals of all the frames are needed to know in advance and the computational complexity is high), into a new optimization problem that can be solved by using the CSI and data arrival information of current frame solely and with low computation complexity. Finally, we design an iterative heuristic algorithm to solve the transferred optimization problem.
A. PROBLEM FORMULATION
Due to the intermittent channel and uncertain channel access time in unlicensed spectrum, the LTE-U system can be regarded as a typical stochastic network [27] and its service capability changes drastically over time. Similar to that for the traditional LTE system whose channel fading changes over time [28] and the Wi-Fi system whose channel access time is uncertain [23] , only time-averaged performances are meaningful for LTE-U system to deal with the features of intermittent channel, uncertain channel access time and channel fading.
The optimization problem of maximizing the weighted sum of the two defined performance indexes in time-averaged sense in LTE-U system is formulated as
where
are the 1 × M vector and N × KM matrix to be optimized, respectively. Here, T ON and W are composed of the COD lengths and the subcarrier assignment indicator matrices from frame 0 to M − 1, respectively. The subcarrier assignment indicator matrix of frame m is w (m) = w n,k (m) N ×K , and its element at the nth row and kth column is the subcarrier assignment indicator for user n on the kth subcarrier. lim
m=0 (·) stands for the time-averaged operation over all the frames. The expectation E [x] takes mean value of x with respect to all possible data arrivals and channel fading coefficients. In the objective function of (11a), the first term is the time average of the mean values of channel utilization U (m), the second term is the time average of the mean values of user satisfaction N n=1 S n (m)/N averaged over all the users, and both time averages are conducted over frames 0 to M − 1. The coefficients of the first and second terms are V and 1 − V , respectively. By adjusting the control factor V (∈ [0, 1]), a tradeoff between the channel utilization and user satisfaction of LTE-U system can be achieved on demand. Equation (11b) contains the constraints on subcarrier allocation and COD length, respectively. Constraint (11c) guarantees the long-term time-averaged data transmission rate for user n to be no less than σ n , with σ n (∈ (0, 1]) being the threshold of user satisfaction for user n. With (11c) and the upper bounded S n (m) in (10), we make the resource allocation among users as fair as possible in the sense of user satisfaction.
It is well-known that the fairness between different systems is a critical problem in unlicensed spectrum management. It has been proved in [14] that the airtimes of both Wi-Fi and LTE-U systems (i.e., the fairness between the coexisted systems) depend on the channel access parameters (such as backoff window size, backoff indicator) and the COD lengths of both LTE-U and Wi-Fi systems. The formulated optimization problem P1 is to maximize the performance (the weighted sum of channel utilization and user satisfaction) of LTE-U system by dynamically adjusting T ON and W. The optimal COD length T ON (m) will be close to its lower bound T CS (upper bound T Max ) in a light-traffic (heavyload) scenario, as can be seen in (2b). Therefore, in a lighttraffic scenario and for any given channel access parameters, less airtime is needed for the LTE-U system using the optimal CODs than that of using the fixed COD length T Max . In turn, more airtime is given to the coexisting Wi-Fi system.
As can be seen from (11), the solution of P1 encounters the following two challenges. (a) Solving P1 is computational complex and memory consuming [12] , [27] , [29] . This is because P1 is a stochastic problem of high dimension [12] . Due to the time-averaging operation in the objective function, it is necessary to know the values of MN (1 + K ) input variables before solving P1, including the statistics of N users' data arrivals and their channel coefficients on K subcarriers of M frames. Accordingly, there are M (1 + NK ) output variables involving the COD lengths and subcarrier assignment indicator matrices of M frames. Especially, when M tends to infinite, there are infinite number of input variables in P1. Theoretically, the optimal solution to P1 can be solved if the statistic knowledge of CSIs and data arrivals can be known in advance [12] and one of the proper techniques such as dynamic programming is employed [28] , [29] . However, these methods are computationally complexity and suffer from the disadvantages of dimensionality (especially when M tends to infinite). Moreover, it will be costly to obtain channel statistics and data arrivals in a real system. Therefore, solving P1 is computational complexity and memory consuming [27] , [29] . (b) The objective function of P1 is expressed in a fractional form, i.e., the variables to be optimized appear in both the numerator and denominator, thus P1 is a fractional programming problem and its computational complexity is high. Therefore, it is necessary to develop practical approaches to handle P1.
To solve P1, we will deal with the first challenge in subsection IV-B. That is, by Lyapunov optimization theory [27] , we transfer P1 into P2 in which only the channel coefficients and the lengths of the user satisfaction arrears queue of frame m are needed to obtain the optimal subcarrier assignment indicator matrix w (m) and the COD length T ON (m) of that frame. We will tackle the second challenge in subsection IV-C, that is, we transfer the objective function from the fractional form into a subtractive expression which can be solved more easily [30] , and propose a heuristic solution method.
B. PER-FRAME TIME-FREQUENCY RESOURCE MANAGEMENT
To tackle the first challenge encountered in solving P1, in this subsection we remove the time-averaging operation lim
in the objective function (11a) and constraint (11c). That is, we transfer P1 into a new optimization problem on frame-wise time and frequency resource management. Specifically, we achieve the above goal in three steps.
Firstly, to remove the time-averaging operation in constraint (11c), we introduce a virtual queue to model the user satisfaction dynamics over frames. This virtual queue is called user satisfaction arrears queue [12] , [27] , and its length reflects the accumulated arrears of the required user satisfaction up to the present time. It is noted that this virtual queue is also called user satisfaction queue for short in some literatures such as [23] . In this paper, we use the former name because it reflects the physical meaning correctly and clearly.
We denote the length of user n's satisfaction arrears queue at the beginning of frame m (i.e., the end of the (m − 1)th frame) as X n (m), and assume X n (0) = 0, ∀n(∈ 1, . . . , N ). Then,
Here, X n (m) is related to the arrears of user satisfaction in frame m, which corresponds to the cumulants for the required data transmission rate that user n has not met until frame m. If the user satisfaction of the previous frame S n (m − 1) was no less than the arrears of user satisfaction for user n in that frame, i.e., there was no arrear of user satisfaction in the previous frame, then X n (m) is equal to the value of user satisfaction that needs to be satisfied in the current frame σ n . Otherwise, X n (m) is equal to the sum of σ n and the arrears of user satisfaction for user n in the previous frame (X n (m − 1) − S n (m − 1)). If the required data transmission rate R E n can not be met in consecutive multiple frames, X n (m) will become larger with m. If the required data transmission rate is satisfied in average over frames, the queue length is finite. Therefore, the length of user satisfaction arrears queue reflects the situation whether the required data transmission rate for a user is satisfied. That is, large X n (m) means lower user satisfaction in average, thus more time-frequency resources are needed for the current frame, and vice versa.
Lemma 1:
If the user satisfaction arrears queue is mean rate stable [12] , that is,
then it automatically satisfies constraint (11c). Proof: Please refer to Appendix A for the proof. Lemma 1 indicates that the original constraint (11c) can be equally transformed into a new expression related to the length of user satisfaction arrears queue, i.e., (13) .
Noting that for all users in LTE-U system the constraint (11c) needs to be satisfied, we then define a quadratic Lyapunov function to characterize all users' queue backlogs. The Lyapunov function of frame m as [12] 
where X(m) is an N -dimensional vector composed by the lengths of all N users' satisfaction arrears queues at the beginning of frame m,
It can be seen from (14) that the defined Lyapunov function is proportional to the quadratic sum of the lengths of all users' satisfaction arrears queues. The Lyapunov function has the following properties: 1) L (X (m)) ≥ 0 holds for all frames; 2) ''L (X (m)) being small'' implies that the lengths of all users' satisfaction arrears queues are small, i.e., all the users are nearly satisfied on frame m; 3) ''L (X (m)) being large'' implies that at least the length of one user's satisfaction arrears queue is large, i.e., at least one user is dissatisfied. Therefore, we hope that the value of Lyapunov function is small, i.e., all the users are satisfied.
Secondly, to remove the time-averaging operation in (11a) and decompose P1 into a per-frame problem, we define the one-step Lyapunov drift of frame m as [11] , [12] 
where L (X (m + 1)) represents the value of Lyapunov function on frame (m + 1), and is expressed as
That is, the value of Lyapunov function in one frame is the cumulative sum of the one-step Lyapunov drifts in all the previous frames. The lower the value of one-step Lyapunov VOLUME 7, 2019 drift (X (m)) is, the higher the sum of user satisfaction will be. That is, they are negatively correlated,
Therefore, the objective function (11a) can be rewritten as
where the two maximization problems connected by '' 1 ⇔'' are equivalent. This is because (X (m)) and 
{VQ n (m)/ Max } is independent of w (m) and T ON (m) of frame m. It is because V and σ n are positive constants, X n (m) and Q n (m) are updated at the beginning of frame m based on the time-frequency resource management in frame (m − 1), and remain fixed within that frame, as can be seen in (12) and (9) . The second term
The numerator in (20) is a function of w n,k (m) and T ON (m), and satisfies 
='' in (19) holds because D(m) is independent of w (m) and T ON (m).
Thirdly, by (21), P1 is reformulated into a new optimization problem P2 as P2 : max
s.t. (2b) , (3) and (4) .
It can be seen from (22a) that P2 is a frame-wise timefrequency resource management problem, and only the COD length and subcarrier assignment indicator matrix of the mth frame are to be optimized. The values of variables T ON (m) and w(m) are restricted by the instantaneous constraints (2b), (3) and (4).
It is noted that the constraint (11c) in P1 does not appear in P2. This is because (11c) has been reflected in (19) during the problem transformation. It can be seen that the second item lim
in (11c), and to maximize the former in (19) is equivalent to guarantee lim
Unlike P1, solving P2 only needs to know the CSI and user satisfaction arrears lengths of the mth frame (instead of the statistical information). Therefore, P2 is solvable. Besides, there are N (K × 1) input and (1 + NK ) output variables in P2, the complexity of solving P2 does not increase with frame index.
C. SOLVING THE PER-FRAME PROBLEM
The computational complexity of P2 is still high as the variable T ON (m) to be optimized appears in both the numerator and denominator of the objective function of P2, i.e., in a fractional form as shown in (22a), (20) and (1) . In this subsection, we transfer this objective function into a tractable one in subtractive form, and design a heuristic algorithm to solve the transferred optimization problem.
Firstly, by Dinkelbach theory we know that if Dinkelbach condition follows, P2 can be reformed into P3 as [30] P3 : max
where η * is the maximum value of η (T ON (m) , w (m)) and is derived by substituting the optimal subcarrier assignment indicator matrix w * (m) and the optimal COD length T * ON (m) into (23) . The equivalence of P2 and P3 is proved in Appendix C. Here, the Dinkelbach condition [30] is expressed as
From (24) we can observe that η * can be derived by the solution of P2, i.e., the optimal subcarrier assignment indicator matrix w * (m) and the optimal COD length T * ON (m), however, P3 can be solved only when η * is known. That is to say, the former and the latter are reciprocal causation. Hence, it is difficult to solve P3.
Next, we design a heuristic algorithm named optimal time-frequency resource management (OTFRM) algorithm to solve P3 iteratively. The OTFRM algorithm contains a parameter initialization module, a loop iteration module and a result output module. In each iteration, we plug the known η * into (23) to solve P3 to obtain w * (m) and T * ON (m), and in turn update η * by substituting the newly obtained w * (m) and T * ON (m) into (24) . Through the iterations, the three variables gradually approach to their optimal values until the error is less than the preset threshold or the number of iterations reaches its maximum value. These three modules are described as follows:
• Parameter initialization. Set the iteration index i to 1, the maximum number of iterations to I Max , and the initial value of η * to be η 1 = 10 −3 . The Dinkelbach condition of (24) is considered to be satisfied when
We let the initial value η 1 be a small number as the value of η will be increased with the increase in iteration index (see Appendix D).
• Loop iteration. Substituting η i for η * in (23) The process of the proposed OTFRM algorithm is shown in Table I . In Step 3 which is the main body of the loop iteration, the optimization problem P3 is known as a mixedinteger nonlinear programming problem for a given η * , hence it is hard to be solved directly. We first relax the integer variable w n,k (m) in (3) and (4) to be a continuous variable w n,k (m), where 0 ≤ w n,k (m) ≤ 1. Then, the solution of the relaxed P3 can be solved by solving its dual problem and by using any of the existing methods [31] , such as Lagrangian Dual Decomposition Method. It is because the dual problem of the relaxed P3 is convex, and the duality gap between the relaxed P3 and its dual problem is nearly zero if the number of subcarriers is sufficiently large [32] .
The proposed OTFRM algorithm is convergent, and the global optimal solution of the relaxed P3 can be obtained. The proofs can be found in Appendix D. The computational complexity of the proposed OTFRM algorithm is proportional to that of the method adopted in Step 3.
V. SIMULATION RESULTS
In this section, we present the simulated performances of the proposed OTFRM algorithm and two baselines, and then draw several conclusions via comparison and discussion.
A. SETTING
An LTE-U system and a Wi-Fi system operate in an unlicensed channel with 20 MHz bandwidth. Because Wi-Fi node occupies whole channel when performing data transmission, the LTE-U and Wi-Fi share the channel in a time-division manner. To pay more attention to LTE-U's performance, the Wi-Fi system is assumed to operate in a saturated condition. Since we consider the airtime instead of the throughput in the Wi-Fi system, the channel conditions between the Wi-Fi AP and the nodes are assumed to be ideal thus no transmission error occurs. In the simulation, we set the number of Wi-Fi nodes as 10. The other configured parameters of Wi-Fi system are derived from the IEEE 802.11ac standard [33] , as shown in Table II .
In the LTE-U system, the transmission power of the BS is set to be 200 mW. The coding rate is set as ε = 1/3, and the BS selects an suitable modulation from QPSK, 16QAM and 64QAM according to channel fading [25] . We assume that all users in the LTE-U system carry FTP traffic, since this type of traffic is generally used for performance evaluation by the 3GPP [5] . There are N ∈ {15, 25} users randomly deployed in the coverage of the LTE-U BS. All users' data arrival distributions λ n are assumed to be identical and with a time-averaged data arrival rate λ ∈ {1, 2, 3, 5} Mbps, thus all users' required data transmission rates are equal and set to be R E n = R E = λ. All users have equal threshold of satisfaction which is set as σ n ∈ {0.85, 0.95}. The remaining parameters of LTE-U system in the simulation are derived from the 3GPP standard [5] , as shown in Table III.   TABLE 3 . Parameters of LTE-U system [5] .
To be consistent with the spectrum division manner in legacy LTE system, the whole unlicensed spectrum is divided into multiple subcarriers with bandwidth 15 KHz each when LTE-U system accesses the unlicensed channel. Besides, the granularity of resource allocation in the frequency domain is 12 consecutive subcarriers, which is similar to that of traditional LTE's physical resource block. Therefore in the simulation, every 12 consecutive subcarriers are allocated as a whole in our OTFRM algorithm. The control factor is set as V = 0 : 0.2 : 1.
The time-averaged channel utilization and time-and useraveraged user satisfaction are calculated as
where M is the number of LTE-U frames and represents the number of times for LTE-U BS to access the unlicensed channel. M is set to be 5000 in the simulation. Until now, the existing resource allocation researches on LTE-U system only investigate subcarrier allocation under fixed COD length, and the joint optimization of COD length and subcarrier allocation has not been studied. In view of that, we construct two baselines as follows. In Baseline 1, the COD length of the mth frame T ON (m) is set as a constant T CFG , and the subcarrier is allocated using the Maximum Carrier to Interference (Max C/I) algorithm which can obtain maximum channel utilization [34] . In Baseline 2, there is also T ON (m) = T CFG , and subcarrier allocation is conducted by the Round Rubin (RR) algorithm [13] so that it is guaranteed for users to be allocated nearly equal number of subcarriers for fairness. Baseline 1 (resp. Baseline 2) is equivalent to the proposed OTFRM algorithm with T ON (m) = T CFG and V = 1 (resp. V = 0).
In the simulation, there is T ON (m) = T CFG ≤ T Max for Baseline 1 and Baseline 2, and T ON (m) ≤ T CFG ≤ T Max for OTFRM algorithm. Here, T ON (m) is the COD length in the mth frame and is a variable (fixed) parameter in OTFRM algorithm (Baseline 1 and Baseline 2), T CFG is a configurable parameter for all the three algorithms and the maximally allowed COD length in OTFRM algorithm, and T Max is the upper bound of COD length and is regulated by the 3GPP. Figure 3 presents the channel utilization (Fig. 3a) and user satisfaction (Fig. 3b) curves under various values of T CFG and different algorithms. To fairly compare the achievable performances of the algorithms, the COD length for our proposed OTFRM algorithm is set to be fixed, i.e., T ON (m) = T CFG , which is consistent with the COD length in the Baselines 1 and 2. Therefore, the differences between the three algorithms lie only on the subcarrier allocation.
B. IMPACT OF SUBCARRIER ALLOCATION ON LTE-U'S PERFORMANCE
It can be seen from Fig. 3 that using OTFRM algorithm with given V , the larger the T CFG is, the less channel utilization and higher user satisfaction will be. For instance, for a given V = 0.4, the user satisfaction and channel utilization are 0.929 and 0.487 respectively when T CFG = 4. However, they are 0.998 and 0.351 respectively when T CFG = 8. This is because a smaller T CFG results in less time-frequency resources to be allocated to users, the number of padding bits is thus smaller or even zero, and channel utilization is in turn higher. Meanwhile, user satisfaction is lower since the allocated resource is far from enough to support the required data transmission rates (corresponding to the time-averaged data arrival rates). As T CFG increases, the time-frequency resources that can be allocated to users are sufficient to carry all users' data, padding bits have to be added to avoid the collisions from Wi-Fi nodes, and hence channel utilization becomes lower. Meanwhile, users' required data transmission rates are gradually met and thus user satisfaction increases.
It can also be seen from Fig. 3 that for the LTE-U system using OTFRM algorithm with given T CFG , the smaller the control factor V is, the lower channel utilization and higher user satisfaction will be. For example, for a given T CFG = 4, the user satisfaction and channel utilization are 0.794 and 0.998 respectively when V = 1. However, they are 0.999 and 0.407 respectively when V = 0. This is because smaller V gives more (less) weight to user satisfaction (channel utilization). It is easy to find from Fig. 3 that the user satisfaction and channel utilization achieved using OTFRM algorithm with V = 1 (resp. V = 0) are equal to that using Baseline 1 (resp. Baseline 2). It is because that with V = 1, P1's objective degrades into maximizing the channel utilization, which is equivalent to Baseline 1's objective for maximizing system throughput. While with V = 0, P1's objective degrades into maximizing the user satisfaction, which is equivalent to Baseline 2's objective for allocating nearly equal number of subcarriers to different users.
C. EFFECT OF JOINTLY OPTIMIZED COD AND SUBCARRIER ALLOCATION ON LTE-U'S PERFORMANCE
We verify the impact of jointly optimized COD length and subcarrier allocation on the LTE-U performance in two steps.
Firstly, we investigate the dynamic adjustment of COD length and its impact on LTE-U system's performance. Figure 4 shows the COD length, channel utilization and user satisfaction of the LTE-U system using OTFRM algorithm. In the legend, ''Instant'' and ''Averaged'' respectively represent the instantaneous value of the current frame and the time-averaged value up to the current frame; ''1'' and ' '5'' are the values of the time-averaged data arrival rate per user λ (Mbps), respectively. Several interesting phenomena can be seen from Fig. 4 .
• In the first frame, the COD length is about 4 ms, i.e., less than a half of its maximum allowable value 10 ms, and both the channel utilization and user satisfaction are nearly 100%. This is because at the beginning of the simulation, the data queues and satisfaction arrears queues of all the users are almost empty, which means that the requirement of resource in that frame is very low, hence a smaller COD length is configured by the OTFRM algorithm, and higher channel utilization and user satisfaction will still be achieved.
• When λ = 5 Mbps and as the simulation time increases, the averaged COD length is close to the maximally allowed COD length (i.e., 10) and time-averaged channel utilization is nearly 100%, while the time-averaged user satisfaction reduces gradually. This is because λ is too large in this case, continuously enlarging COD length (even adopting the maximally allowed COD length) can not support the users' required data transmission rates, making the users' satisfaction arrears queues longer and longer and almost no need to fill padding bits in CODs.
• When λ = 1 Mbps and as the simulation time increases, the averaged COD length declines, the time-averaged channel utilization increases gradually, and the timeaveraged user satisfaction is almost 100%. It is because with a small λ, the length of satisfaction arrears queue is nearly zero and a short COD length is enough to carry all the users' data. Besides, the OTFRM algorithm can make the lengths of the satisfaction arrears queues to be close to each other through subcarrier allocation, thus reduce the number of padding bits and COD length (Fig. 4a) , and then improve the channel utilization (Fig. 4b) and meanwhile ensure the user satisfaction (Fig. 4c) . Secondly, the performance of the LTE-U system using three different algorithms are compared. Figure 5 shows LTE-U system's channel utilization (Fig. 5a ) and user satisfaction (Fig. 5b) under condition of various resource management algorithms, the COD length/the maximally allowed COD length T CFG and the control factor V . It is noted that in the OTFRM algorithm, the COD length for frame m is set to be T ON (m) ≤ T CFG , while in Baselines 1 and 2, the COD length is fixed as T ON (m) = T CFG , ∀m ∈ {0, 1, . . .}. From Fig. 5 we can see the following phenomena and draw the corresponding conclusions.
• The curves of Baselines 1 and 2 are horizontal. The reason is that Baselines 1 and 2 have no connection with the control factor V .
• For any given T CFG (e.g., 6), the channel utilization and user satisfaction obtained by the OTFRM algorithm fall within those of the Baselines 1 and 2 when 0 < V < 1, and larger V results in higher channel utilization and lower user satisfaction. This is because the OTFRM algorithm has the same objective as of Baseline 1(resp. 2) when V = 1(resp. 0), and the OTFRM algorithm with larger V gives more (less) weight to channel utilization (user satisfaction).
• Using OTFRM algorithm with given V (e.g., 0.8), the lower the T CFG is (e.g., 4), the higher channel utilization and lower user satisfaction will be. The reason is the same as that of the discussion on Fig. 3 .
• By comparing the performance of the LTE-U system using OTFRM algorithm and dynamic COD length ( Fig. 5 ) with that using OTFRM algorithm and fixed COD length (Fig. 3) , we can find that the former can obtain the same user satisfaction (0.999) and higher channel utilization (0.374, which is 0.351 in Fig. 3 ) under same parameter settings (i.e., V = 0.4 and
. This is because when the user's time-averaged data arrival rate is 1 Mbps, the time-frequency resources allocated to users are still surplus after carrying user data. The resource reduction by using the former is originally used to transmit padding bits when using the latter. Therefore, the former can improve channel utilization without reducing user satisfaction. Figure 6 shows the performance of LTE-U system using OTFRM algorithm under different parameter combinations. The parameters in the tuple in the legend stand for the number of LTE-U users N , the time-averaged data arrival rate λ n (equals the required data transmission rate R E n ) and the threshold of user satisfaction σ n for LTE-U user n(∈ 1, . . . , N ). From Fig. 6 , several phenomena can be observed as follows.
D. INFLUENCE OF PARAMETERS ON LTE-U'S PERFORMANCE
• The larger V in the OTFRM algorithm is, the higher channel utilization and the lower user satisfaction are. The reason is the same as that of the discussion on Fig. 3 .
• Either the larger number of users is (e.g., 25), the higher time-averaged data arrival rate is (e.g., 2), or the lower threshold of user satisfaction is (e.g., 0.85), then the higher LTE-U's channel utilization is. Conversely, the channel utilization of LTE-U system will be low. For instance, the LTE-U's channel utilization achieved when λ = 1 is lower than that achieved when λ = 2. This is because when the number of users and the user's timeaveraged data arrival rate are large, the total amount of users' data to be transmitted is large and the users' data queues are long. Therefore, all the subcarriers during the CODs are used to transmit data i.e., little padding bits are needed. While when the threshold of user satisfaction σ n is low, the variable in the second term of P1's objective function N n=1 S n (m)/N is small, as shown in (11a) and (11c). Correspondingly, the variable in the first term U (m) is comparatively large. Therefore, the effect of joint optimization is mainly reflected in the high channel utilization.
• If the number of LTE-U users is large (e.g., 25), the user's time-averaged data arrival rate is high (e.g., 2) or the threshold of user satisfaction is high (e.g., 0.95), then the user satisfaction becomes small. This is because it is more difficult to ensure the user satisfaction in the resource-constrained LTE-U system when the user's time-averaged data arrival rate is large, the competition for resources between users becomes more serious when the number of users is large, and the user's required data transmission rate will be harder to guarantee when the threshold of user satisfaction is high.
E. AIRTIMES OF LTE-U AND WI-FI SYSTEMS
The airtimes of LTE-U and Wi-Fi systems are plotted in Fig. 7 . The parameters in the tuple in the legend are the COD length and the time-averaged data arrival rate per LTE-U user λ. For example, ''Baseline 2 (= 6, 1)'' stands for that the COD length of the LTE-U system in frame m m ≥ 0, m ∈ Z + is T ON (m) = T CFG = 6 and the timeaveraged data arrival rate per user is λ = 1 Mbps. While ''OTFRM (≤6,5)'' stands for that the COD length of the LTE-U system in frame m is T ON (m) ≤ T CFG = 6 and the time-averaged data arrival rate per user is λ = 5 Mbps. Several interesting phenomena can be seen in Fig. 7 and can be explained as follows.
• For any given λ (e.g., 1) and T ON (m) = T CFG (e.g., 4 and 6) in LTE-U, the airtimes of LTE-U and WiFi do not change with the increase in V . This is because in the simulation, all the Wi-Fi nodes adopt full-buffer traffic, and the durations of their packets are equal and fixed. When T ON (m) = T CFG , the airtimes of LTE and Wi-Fi are only related to the channel access parameters of the two systems and are independent of the control factor V .
• Allowing T ON (m) ≤ T CFG in the OTFRM algorithm, the airtime of LTE-U system decreases while that of Wi-Fi system increases as V increases. This is because the OTFRM algorithm can dynamically adjust the COD length of the mth frame T ON (m). The larger V is, the higher weight of channel utilization is and thus the shorter optimal COD length will be. Therefore, the airtime of LTE-U system becomes smaller. Accordingly, more resources are reserved for Wi-Fi system in terms of airtime.
• Smaller control factor V and / or higher λ as well as larger T CFG in the OTFRM algorithm lead to higher (lower) airtime of LTE-U (Wi-Fi) system. It is because small V leads to high weight of user satisfaction, high λ causes large demand on resources, and large T CFG results in high maximally allowed COD length. All the above-mentioned three reasons make a large optimal COD length in the OTFRM algorithm, i.e., the airtime of LTE-U system becomes high and consequently the airtime of Wi-Fi system becomes low.
• In addition to being occupied by the LTE-U system, most of the remaining airtime is used by the Wi-Fi system for data transmission, and the airtime for the two systems to do channel sensing and collision resolution is small. This is because the Wi-Fi nodes carrying full-buffer traffic will take channel to transmit data as much as possible once they sense the channel idle. This also reveals that as compared with the existing resource allocation algorithms with fixed COD length, the OTFRM algorithm under the same scenario can dynamically adjust the COD to better ensure LTE-U's user satisfaction and channel utilization, and meanwhile leave more airtime to Wi-Fi system to improve its performance. The airtimes of both the coexisting systems (i.e., LTE-U and Wi-Fi) under different data arrival rates per LTE-U user are shown in Fig. 8 . From this figure, we can see that the airtime of LTE-U (Wi-Fi) system increases (decreases) as the data arrival rate becomes large. This is because OTFRM algorithm can make COD length shortest but still enough to transmit users' data in the data queues, thus the COD length of the LTE-U system increases as needed if the data arrival rate increases, and the channel access opportunities of the Wi-Fi system are reduced accordingly. We can also observe that the sum of the airtimes of the LTE-U system and the Wi-Fi system is always large (0.8 ∼ 0.87 in Fig. 8 ) and the airtime wasted due to collision and backoff is small (0.13 ∼ 0.2 in Fig. 8 ) regardless of the data arrival rate. That is, the unlicensed spectrum is effectively utilized. The reason is that the Wi-Fi nodes carry full-buffer traffic in the simulation, they compete for the unlicensed channel once the unlicensed channel is sensed to be idle. 
F. SUMMARY
To further review the study of this paper and highlight the verified performance of the proposed algorithm, conclusions drawn from Fig. 3 ∼ Fig. 8 are summarized as follows.
• The OFDMA-based LTE-U system using OTFRM algorithm can flexibly leverage the two contradictory objectives (i.e., channel utilization and user satisfaction), and thus can suit various applications. This can be observed from Fig. 3 and Fig. 7 .
• Under condition of light load, (a) Channel utilization can be improved without sacrificing the user satisfaction in LTE-U system with dynamically configured COD length (OTFRM algorithm), as shown in Fig. 5 .
(b) Due to the improvement of LTE-U's channel utilization, the averaged COD length of LTE-U system is reduced, and thus the excessive resources are left for the coexisting Wi-Fi system. This is revealed by Fig. 7 .
(c) As the nodes in Wi-Fi system are saturated, they greedily occupy the unlicensed channel once it is idle, hence in unlicensed band the airtime wasted due to collision and backoff can be reduced, as shown in Fig. 8 .
• Parameter combination in LTE-U system determines the optimal COD length, and thus affects the channel utilization ( Fig. 4b and Fig. 6a ) and use satisfaction ( Fig. 4c and Fig. 6b ). These parameters are the number of LTE-U users, data arrival rate and user satisfaction threshold, and they reflect the traffic load and user's QoE requirement.
VI. CONCLUSION
For LTE-U system operating under the condition of discontinuous channel availability and uncertain channel access time, this paper proposes a time-frequency two-dimensional resource management approach. We first propose a unified metric reflecting user's QoE, and name it as user satisfaction. We then formulate an optimization problem, which maximizes the weighted sum of LTE-U system's channel utilization and user satisfaction under constraints of subcarrier allocation, channel occupancy duration and time-averaged user satisfaction, to obtain the optimal COD length in time domain and the optimal subcarrier allocation in frequency domain. To meet the performance requirements of different application scenarios, we introduce the control factor in the formulated objective function to adjust the weights of user satisfaction and channel utilization. For the formulated optimization problem with time-averaging operation and fractional-form objective function, we use Lyapunov optimization theory and Dinkelbach theory to transfer the original optimization problem into a new one, in which only instantaneous constraints and subtractive-form objective function are contained. We then design an iterative algorithm (i.e., OTFRM algorithm) to solve the transferred optimization problem. Simulation results reveal that using dynamic COD length may improve system performance for both LTE-U and Wi-Fi as compared with using fixed COD length.
From (5)- (7) and (12)- (16), we have 
where T ON (m) + T OFF (m) = T L (m) > 0 as shown in (1) . Equations (20) and (21) The first inequality in (B4) holds since (max [x − y, 0] + z) 2 ≤ x 2 +y 2 +z 2 +2x (z − y) holds for all non-negative realvalued x, y and z [10] . The second inequality in (B4) stands as S n (m) ∈ [0, 1], which has been stated in (10) .
To sum up, the inequality in (19) holds.
APPENDIX C PROOF OF EQUIVALENCE BETWEEN P2 and P3
We prove that P2 and P3 are equivalent in two aspects, i.e., sufficiency and necessity. Let the sets of the feasible subcarrier assignment indicator matrices and the COD lengths of all frames be denoted as S 1 and S 2 , respectively. Here, ''feasible'' means satisfying constraints (11b) and (11c). It is noted that although the constraint (11c) does not appear explicitly in P2 and P3, it has been implied in (22a) as indicated below (22) , and in turn has been implied in (23a). Firstly, we prove the sufficient condition, i.e., the optimal solution of P2 (with its objective function in fractional form) is that of P3 (with its objective function in transferred subtractive form). To sum up, the P2 and the P3 are equivalent.
APPENDIX D CONVERGENCE OF THE OTFRM ALGORITHM
We define an equivalent objective function of P3 as where w (m) ∈ S 1 and T ON (m) ∈ S 2 . It can be proved that (1) F (η) is a strictly monotonic decreasing function in η; (2) F (η) ≥ 0 always holds; (3) F (η) = 0 holds if and only if η = η * . The detailed proof can be referred to [30] , [35] . That is, if F η i = 0 in the ith iteration, the optimal subcarrier assignment indicator matrix w i (m) and the COD length T i ON (m) of the current iteration are the optimal subcarrier assignment indicator matrix and the COD length of P3. Here, the superscript i stands for the index of iteration. Assume that η i in the OTFRM algorithm is low enough and η 1 < η * , then 
where the second equality holds because w 1 (m) and T 1 ON (m) are the optimal subcarrier assignment indicator matrix and COD length to achieve the maximum value of the objective function of P3 in the first iteration. The third equality follows because in the second iteration we let η 2 = ϒ m T 1 ON (m) , w 1 (m) T 1 L (m) (see (20) ). The last inequality holds is due to the fact that F (η) ≥ 0 and the equality sign holds only when η = η * . Since T 1 L (m) > 0, then η 2 − η 1 > 0 holds. Similarly, it can be proved that if η i < η * in the ith iteration, there exists η i+1 − η i > 0, i.e., F η i+1 < F η i . Therefore, for the monotonic decreasing function F(η), the optimal η * that make F (η * ) = 0 can always be obtained so long as the number of iterations is sufficiently large. Then, the optimal subcarrier assignment indicator matrix w * (m) and COD length T * ON (m) can be derived by plugging η * into (23) . That is, the OTFRM algorithm is convergent.
